ABSTRACT
INTRODUCTION
Although several drying methods are commercially used to remove moisture from food products, convective hot air drying is the most widely used method. From the mathematical perspective, convective drying is a complex process of simultaneous heat and mass transfer within dried material and from its surface to the surroundings caused by a number of transport mechanisms. There are several different methods of describing the complex simultaneous heat and moisture transport processes within the drying material. However, there is no single theory for wet material drying prediction which encompasses all transfer mechanisms. In the approach initially proposed by Philip and De Vries (Philip and De Vries, 1957) and Luikov (Luikov, 1968 ) the moisture and temperature fields in the drying material are described by a system of two coupled partial differential equations. The system of equations incorporates coefficients that are functions of temperature and moisture contents, thus making it a non-linear system. Such a system has been used for certain applications. However, for many practical calculations, the influence of temperature and moisture content on all transport coefficients has often been neglected and the resulting system of two linear partial differential equations has been used (Kanevce et al., 2007) .
Nevertheless, thin-layer drying models are important tools for the mathematical modelling of drying curves. Owing to their simplicity, they are used to describe the drying kinetics of some products, mainly when the geometry of the material is unknown.
In the scientific literature, there are many researches on the experimental studies and mathematical modelling of the drying behaviour of various fruits such as apples (Cruz et al., 2012) , bananas (Doymaz, 2010) , cherries (Doymaz, 2011) , grapes (Doymaz, 2002) , kiwis (Doymaz, 2009) , quinces (Babić et al., 2007; Tzempelikos et al., 2014) , pears (Guiné et al., 2007; Doymaz, 2012) and plums (Doymaz, 2004) .
The objectives of this study were as follows: (a) experimental investigation of the drying kinetics of some fruits: pears and quinces under specific drying conditions (drying air temperatures of 30, 40, 50, 60 and 70 o C and drying air velocities of 1, 1.5 and 2 ms -1 ; absolute air humidity of 0.0154 kg water kg -1 dry air), and (b) development of a new thin-layer drying model as a function of the drying conditions and comparison of their goodness of fit with the existing models founf in the literature. 
Nomenclature:
A,B,C,D,E,F,G -parameter M (kg/kg) -
MATERIAL AND METHOD
Fresh pears of the 'Williams' cultivar and fresh quinces of the 'Champion' cultivar were used as raw material in the experimental part of the research. Prior to processing, the fruits were stored in a cold chamber at a temperature of 4 o C and a relative air humidity of 75%. The pears and quinces were washed, peeled and sliced manually in order to obtain uniform samples. The spherical samples with thickness of 4±10 -1 , obtained from the central medulla region where the cell structure is more uniform, were used in the drying experiments. Several measurements were made using a calliper, and only the samples with a tolerance of ±5 % were used in the research.
The experimental data on the thin-layer drying kinetics of pear and quince slices were obtained using an experimental setup designed to simulate an industrial convective dryer (Pavkov, 2012) . The dryer consists of three basic units: a fan providing the desired drying air velocity, an electrical heater for the control of the drying air temperature and a drying chamber. The dryer unit was started 1 h before each experiment in order to achieve the desired steady state conditions of the drying air flow.
The measurement of changes in the sample mass was conducted continually, without interruptions to the drying process, using tray carriers attached to sensors. A mass measuring sensor was connected to a measuring acquisition system, which recorded mass changes during the drying process. The material temperature was measured using a microthermocouple K-type inserted in the mid-plane of each of the three slices. The drying experiments were performed at drying air temperatures of 30, 40, 50, 60 and 70 o C, drying air velocities of 1, 1.5 and 2 ms -1 , whereas the absolute air humidity remained constant at 0.0154 kg water kg -1 dry air. By measuring changes in the mass of the samples during convective drying, the basic data on drying kinetics were collected. The drying experiments were stopped when there was no change in the mass of drying pear or quince slices.
The initial moisture content M 0 was measured in each of the experiments. The initial moisture content of fresh pear and quince slices and the final moisture content of dried samples were determined gravimetrically using the hot air oven method at 105ºC and atmospheric pressure for a period of 24 h. The drying experiments involving pear slices were stopped when the moisture content of the samples decreased to 0.14 kg kg -1 d.m., from an initial value of 4.99 kg water kg -1 d.m. However, the drying experiments involving quince samples were stopped when the moisture content decreased to 0.22 kg kg -1 d.m. from an initial value of 4.86 kg water kg -1 d.m. The experiments were replicated three times at each drying air temperature and drying air velocity, and the average value of the moisture ratio was used for constructing the drying curves.
Mathematial modelling of the drying curves
The experimental moisture content data on pear and quince slices obtained at different drying air temperatures and different drying air velocities were converted to the moisture ratio (MR), and subsequently fitted to the thin-layer drying models given in Table 1 (M01 and M02). 
Hii et al., 2008 In these models, the moisture ratio (MR) is defined by the following equation:
The values of M eq are relatively little compared to those of M or M 0 , so the error involved in the simplification is negligible.
Therefore, the moisture ratio was calculated as follows:
According to previous statistical analyzes, the best model describing the thin-layer drying characteristics of pear or quince slices has to be selected on the basis of a higher value of the performance index φ and a lower χ 2 value (Mitrevski et al., 2013) . According to the results obtained from previous statistical analyzes, it was concluded that the Midilli model can be used successfully for predicting the moisture of pear slices (Lutovska et al., 2016) , whereas the Hii model can be used successfully for predicting the moisture of quince slices , at any time of the drying process between drying air temperatures of 30 and 70 o C and drying air velocities of 1 to 2 ms -1 . In this paper, a new generalized thin-layer model was developed as the effect of drying air temperature and drying air velocity on the empirical parameters was not included in the Midilli and Hii models.
MR = (A·EXP(-B·τ
where: A,B,C,D,E,F,G are the model constants, τ is the drying time, v is the velocity of drying air, and t is the temperature of drying air. The statistical performance features of this model were assessed on the basis of the calculated values of the performance index φ and the χ 2 , chi-squared value. The value of the performance index φ was calculated on the basis of the calculated values of the coefficient of determination (R 2 ), the root mean squared error (RMSE) and the mean relative deviation (MRD) (Ruiz-Lopez and Lara, 2009) :
In this study, the χ 2 chi-squared value was calculated on the basis of the D'Agostino-Pearson test of normality.
The D'Agostino-Pearson test of normality is the most effective procedure for assessing a goodness of fit for a normal distribution (Sheskin, 2011) . This test is based on the individual statistics for testing the population of skewness z 1 and kurtosis z 2 , respectively.
The test statistic for the D'Agostino-Pearson test of normality was computed using the following equation (Ruiz-Lopez and Lara, 2009 
RESULTS AND DISCUSSIONS
The experimental moisture content data obtained at different drying air temperatures and different drying air velocities were converted to the moisture ratio (MR) and subsequently fitted with the newly developed thin-layer model.
Considering that the regression method, the estimation method, the initial step size, the start parameter values, the convergence criterion and the form of the function exert a significant influence on the accuracy of the parameters estimated, a large number of numerical experiments were performed . The method of multiple indirect non-linear regression analysis was adopted, including all the experimental data from the drying kinetics of pear or quince slices. The estimation methods of Quasi-Newton, Simplex, Simplex and quasi-Newton, Hooke-Jeeves pattern moves, Hooke-Jeeves pattern moves and quasi-Newton, Rosenbrock pattern search, Rosenbrock pattern search and quasi-Newton, Gauss-Newton and Levenberg-Marquardt from computer program StatSoft Statistica (Statsoft Inc., Tulsa, OK, http://www.statsoft.com), were used in the numerical experiments.
Using the newly developed thin-layer drying model and the thin-layer pear and quince drying data converted to the moisture ratio, the values of the coefficient of determination (R 2 ), the root mean squared error (RMSE), the mean relative deviation (MRD), the performance index φ and χ 2 were calculated ( Table  2) . In accordance with the statistical criteria, this model correlated with the experimental values of the drying kinetics of pear slices with a RMSE of 1.9 %, whereas a RMSE of 2.7% was obtained relative to the experimental values of the drying kinetics of quince slices. The parameter values estimated using the newly generated model of Mitrevski et al. are presented in Table 3 . In Fig. 1 , the experimental and calculated values of the moisture ratio and drying time at drying air temperatures of 30, 40, 50, 60 and 70 o C for pear slices at drying air velocities of 2 ms -1 are shown. It is evident from Fig. 1 that there is a good match between the experimental and calculated values of the moisture ratio of pear slices. 
CONCLUSIONS
In the present study, the convective hot-air drying kinetics of pear and quince slices was investigated. The experimental drying data relative to the moisture ratio were approximated with a newly generated thin-layer drying model, and the goodness of fit was determined using the performance index (φ) and chi-squared value (χ 2 ). In accordance with the statistical criteria, the newly developed model of Mitrevski et al. correlated with the experimental values of the drying kinetics of pear slices with a RMSE of 1.9%, whereas a RMSE of 2.7% was obtained relative to the experimental values of the drying kinetics of quince slices.
